We derive the modifications introduced by extra-spatial dimensions in neutron star configurations and, hence, in the gravitational wave spectrum of their binaries. It turns out that the mass-radius relation of neutron stars, and their tidal deformability, is affected non-trivially by the presence of extra dimensions, and can be used to constrain parameters that can be associated with those dimensions. Implications for I-Love-Q universality relations are also discussed. Importantly, we show that measurements of the component masses and tidal deformabilities of the binary neutron star system GW170817 constrain the brane tension in Brane-world models to be greater than 10 36.6 erg cm −3 .
Introduction
The recent success of Gravitational Wave (GW) detectors in observing mergers of binary Black Holes (BHs) and binary Neutron Stars (NSs) has opened up a plethora of possibilities for testing and understanding fundamental physics [1] [2] [3] [4] [5] [6] [7] . With GW astronomy getting established on a firm observational footing, it is now possible to comprehend and, better still, probe fundamental questions of nature. In this letter we explore one such question, namely, whether there exist extra spatial dimensions beyond the fourdimensional spacetime that we most readily access. Here, we do so by capitalizing on the recent GW observation of the binary neutron star merger event GW170817 [6] .
Since all the GW observations, including GW170817, are typically analyzed from the perspective of a four-dimensional observer, it is legitimate to ask whether such observations are more consistent with GR or, alternatively, an effective four-dimensional theory that, in fact, originates from a higher dimensional
Spacetime with extra dimension
Before presenting the observational implications of GW170817 on the presence of extra dimensions, we briefly review the background spacetime we will be working with and how the extra dimension get into the picture. To be precise, we will work with an effective gravitational theory on the four dimensional spacetime, known as the brane, which has been inherited from a five dimensional spacetime, often referred to as the bulk. One essentially starts from the Einstein's equations in the bulk spacetime and projects it on the brane. This results into the following gravitational field equations, determining dynamics of gravity on the brane,
Here, E µν stands for projected bulk Weyl tensor on the brane, T µν is the brane energy momentum tensor with Π µν being constructed out of various quadratic combinations of T µν and λ b is the brane tension [11, 21] . The general relativity limit is achieved by taking λ b → ∞. Since the equilibrium structure of any compact object on the brane is governed by the above equation, the interior of any neutron star will also follow the same. Thus it will inherit two additional contributions, over and above general relativity, namely non-local corrections from the bulk through E µν and quadratic corrections to the matter energy momentum tensor through Π µν . These contributions must be matched at the surface of the neutron star with its exterior, where Π µν , along with T µν , identically vanishes. In the context of a spherically symmetric neutron star in static equilibrium, we will assume that E µν in the interior of the neutron star identically vanishes, such that Π µν at the surface of the neutron star is balanced by the non-zero presence of E µν in the exterior of the neutron star (see e.g., [44, 47] ). With this setup it is straightforward to determine the master equation governing the even-parity gravitational perturbations [44] . The main departure of the perturbation equation from general relativity is through the presence of effective energy density ρ eff and isotropic pressure p eff , which are related to the energy density ρ and pressure p of the brane matter as
Thus one can define an effective equation of state (EoS) parameter as, ω eff = ∂p eff /∂ρ eff , which is related to the EoS of the brane matter through the following relation:
This modification brought in the EoS parameter of the neutron star due to presence of extra dimension, may reveal itself in many possible ways. First of all the tidal Love number will be modified, which will change the stiffness of the star [44] . Secondly, the mass-radius relation for neutron stars will pick up additional corrections for any finite λ b . Lastly, this may also affect the universality relation between moment of inertia, tidal Love number and quadrupole moment of neutron stars. We will explore all these possibilities in the light of GW170817.
3 Mass-radius relation on the brane
The mass-radius relationship for neutron stars can be understood using the GW emission from a binary neutron star merger event and provides a golden window to look for any deviations from general relativity. During the inspiral of two neutron stars, the gravitational force on each one of them due to the other tidally deforms it. The gravitational radiation emitted by the binary carries distinctive signature of the EoS of the neutron star influenced by this deformation. To be more specific, this causes the phase of the GW to change at higher Post-Newtonian orders and is parametrized by the tidal deformability parameter Λ. This deformability parameter is very much sensitive to the EoS of the neutron star and is related to the tidal Love number k 2 through the following relation, Λ = (2/3)k 2 C −5 , where C = GM/c 2 R is a measure of compactness of the neutron star. Thus an estimation of the tidal Love number (or, equivalently the tidal deformability parameter) will yield important information regarding the EoS of the neutron star. It can also be used to deduce bounds on the star's radius. In the presence of extra dimensions the EoS of the neutron star gets modified by terms that depend on the brane tension λ b , as is evident from Eq. (2). As we show here astrophysical observations can be used to cosntrain the brane tension.
Here we have derived the mass radius (M-R) relation for NSs with different EoS parameters, in the presence of the higher dimensions. As expected, the presence of higher dimensions leads to certain modifications to the M-R curves, as presented in Fig. 1 . In particular, we note that for a given radius, the mass of a neutron star increases with decreasing brane tension, which is expected from Eq. (2). This suggests that introduction of extra dimensions makes the star more compact for the same central density. Further, given 37 erg/cm 3 is in the middle row and for λ b = 10 36.5 erg/cm 3 is in the lower row. As evident, even in the presence of higher dimensions, universality holds true albeit with different relations than general relativity. must produce is 2M [49, 50] 1 (the green horizontal strip) and the radius of NS with mass between 1 and 2M is expected to be in the range 9 km to 14 km [51] (the pink vertical strip). It is evident from Fig. 1 that all of the EoSs selected here (to cover the aforementioned radius range and respect the minimum mass requirement) in general relativity (solid lines, and with λ b → ∞) satisfy these constraints, while if λ b ≤ 10 36.5 erg/cm 3 (dashed lines) all of those EoSs have much larger radii. Thus, we can effectively rule out any extra dimensional models with λ b ≤ 10 36.5 erg/cm 3 . For greater values of λ b , there will be at least one or more EoSs for which a good part of their M-R curve (for M 1M ) lies in the allowed region. It will turn out that in order to account for the binary neutron star merger event GW170817 additional constraints on λ b must be imposed, further limiting the parameter space. This is presented in our analysis below.
I-Love-Q with extra dimensions
Neutron stars, as TOV solutions, have been found to exhibit certain correlations between their Moment of Inertia I, Love number k 2 , and their quadrupole moment Q irrespective of the EoS employed. This is the well known I-Love-Q relation, which sometimes is also referred to as the Universality Relation of the first kind [52] [53] [54] [55] . Given the earlier discussion one may ask, what happens to these relations in the presence of higher dimensions. The result of such an analysis has been presented in Fig. 2 . It is easy to see there that the universality relation holds true irrespective of the values of the brane tension λ b studied here. More importantly, the universality relation for all choices of λ b , including λ b ∼ 10 36.5 erg/cm 3 , differs from the universality relation for general relativity. Thus even in the presence of extra dimensions, the I-Love-Q relation remains universal but differs in its parametrization from the one in general relativity. We find the general form of the universality relation between C and Λ to be:
where α and C 0 vary with λ b , as presented in Table 1 . This scenario, apart from highlighting yet another observational avenue to understand extra dimensions also sheds some light on the origin of the universality relations themselves. As argued in [52] [53] [54] , such universality relation possibly originates from the fact that all the EoSs behave in an identical manner in the outer layers of the star, where most of the contributions to Q and tidal deformability arises, or is a result of a black hole being a limiting configuration of a neutron star and may be related to the no-hair theorem. We note that if the second scenario is true then the universal behaviour must hold even for non-zero λ b . Intriguingly, as evident from Fig. 2 that is exactly what happens in presence of extra dimensions, namely that the universality relation holds good at λ b = 10 36.5 erg/cm 3 but differs from general relativity.
Implications of GW170817
In this section, we will discuss the implications of GW170817 on the presence of extra dimensions and the value of the brane tension λ b . Observations of GW170817 imply that 70 ≤Λ ≤ 720 (at 90% confidence), whereΛ is a measure of the tidal Love number for the binary system, defined as, Λ ≡ 16 13
where Λ 1,2 are the tidal Love numbers and m 1,2 are the masses of the two merging neutron stars with the mass-ratio defined to be q ≡ (m 2 /m 1 ), with m 2 < m 1 . Even though it is possible to incorporate the constraint on the binary tidal deformability parameter arising from electromagnetic observations [56] , in this work we will remain conservative and hence use the constraint onΛ from GW170817 in what follows.
As evident from Fig. 1 , since smaller values of λ b increase the estimation of the tidal Love number Λ for a given mass, choosing a smaller value of Λ 1,2 implies a conservative lower limit on λ b . We will use the universal relation presented in Eq. (4) as well as the mass and radius estimates from the GW170817 event in order to further constrain the brane tension λ b . The mass-ratio between the binary neutron stars is taken to be q ∈ [0.7, 1]. Further, the bounds onΛ and the fact that the component masses are in the range, 1M ≤ m 1,2 ≤ 2M yields the following bound on the radii R 1,2 ∈ [9.1, 12.8] km, using the universal relation for general relativity. These are consistent with estimations provided by LIGO from the GW170817 event [6] . The same aforementioned bounds onΛ and m 1,2 lead to different limits on radii for finite λ b : For λ b = 10 37 erg cm −3 , R ∈ [9.4, 13.3] km and for λ b = 10 36.5 erg cm −3 , R ∈ [9.9, 13.9] km. Based on the above we can enunciate our basic strategy for constraining λ b as follows,
• The physical properties of the neutron stars that are directly measured from the data are the two component masses m 1,2 and the tidal deformabilities Λ 1,2 .
• The tidal deformability of a star is used to deduce its compactness via the universality relation Eq. (4). We find that the universal relation remains valid in the context of Braneworld models as well, however it differs from general relativity as the brane tension λ b changes, as shown in Fig. 2 .
• For a given λ b = λ To see this in more detail, we have presented the marginalized posterior distribution of mass and radius from the binary neutron star merger event GW170817 [57] in Fig. 3 . Besides we have also drawn the two Λ = constant lines corresponding to the bounds on Λ derived from GW170817 event. The associated lines for λ b = 10 37 erg cm −3 are also presented. To see how the above scheme can indeed provide bounds on the brane tension, consider the case when λ star in H3 (dotted brown curve) but will be closer to one in DD2 (dotted cyan curve), as shown in Fig. 3a .
Thus we can argue that for H3, the value of λ b 10 37 erg cm −3 is ruled out. It turns out that the above bound can be made more stringent by increasing the brane tension, such that the estimation of R obs for a fixed Λ and M leads to a stable stellar configuration, given an EoS. Surprisingly, it turns out that such an estimate depends on the EoS very weakly and hence in order to have a stable neutron star in all the allowed EoS one requires λ b ≥ 10 38 erg cm −3 (see Fig. 3c ). However, the above assertion can be relaxed if we consider a more conservative approach, in which the general relativistic estimate of a H3 star is compared with stable configurations of WFF1 star, but in presence of higher dimensions. This implies that if for a finite λ ref b and a given EoS, the same measured tidal deformability and mass, the radius of the softest EoS, which we take to be WFF1 here, is larger than R obs (λ 36.6 erg cm −3 , the radius estimates will have discrepancy and hence will be ruled out. Thus as argued above, we find λ min b
= 10
36.6 erg cm −3
as a conservative limit here, while if we use more severe measure, though EoS dependent relations we may constrain the higher dimensional theory to have, λ b ≥ 10 38 erg cm −3 .
Concluding Remarks
In this paper we have studied the effects of higher dimension on the background structure of (non-spinning) neutron stars through the M-R relation, as well as their static perturbation through the Universality relations. We observe that the modification to the M-R relations when extra dimensions are present give us a useful handle to constrain the higher dimensional parameter. Even the loose constraints (on radius) that we have applied effectively rules out λ b ≤ 10 36.6 erg cm −3 . Using real gravitational wave data from GW170817 event, we have also built posteriors which clearly demonstrate that these would put effective bounds on the magnitude of the higher dimensional parameter. We also demonstrate (see Fig. 3 ) how the presence of higher dimensions effectively makes the stars less compact (for a fixed mass), and thereby takes several EoSs out to less probable regions of the posteriors. With the current gravitational wave measurements the most conservative bound on the brane tension (which is λ b ≥ 10 36.6 gm cm −3 ) as well as more severe bound (which is λ b ≥ 10 38 gm cm −3 ) corroborate the local (gravitational interaction at sub-millimetre scales) bounds obtained in [47, 48] . This holds out hope that with more binary neutron star mergers in ground based detectors, and with improvements on the constraints of the tidal Love number, the bound on brane tension will be further tightened. It is worth emphasizing that inclusion of constraints from the electromagnetic counterpart can make this bound tighter, which we will address in a separate communication.
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